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Robust high-temperature magnetic pinning induced by proximity in
YBa2Cu3O72d/La0.67Sr0.33MnO3 hybrids
C. Z. Chen,1 Z. Y. Liu,1,a) Y. M. Lu,1 L. Zeng,1 C. B. Cai,1 R. Zeng,2 and S. X. Dou2
1Research Center for Superconductors and Applied Technologies, Physics Department, Shanghai University,
Shanghai 200444, China
2Institute for Superconducting and Electronic Materials, University of Wollongong, NSW 2522, Australia
(Received 14 December 2010; accepted 1 March 2011; published online 15 April 2011)
An elaborately designed bilayer consisting of superconducting YBa2Cu3O7d (YBCO) and
ferromagnetic La0.67Sr0.33MnO3d (LSMO) was prepared on a single crystal LaAlO3 substrate by
pulsed laser deposition (PLD), with a view to understanding the mechanism behind the influence of
superconductor/ferromagnet proximity on the critical current density, Jc. The present bilayer system
shows significant modifications in Jc, as evidenced by the suppressed decay of its temperature
dependence, as well as the crossing behavior of the magnetic field dependence of Jc at high
temperatures. This indicates that enhanced flux pinning emerges at high temperatures, and it is believed
to arise from the special magnetic inhomogeneity, i.e., the ferromagnet/antiferromagnet clusters caused
by phase separation due to the epitaxial stress between LSMO and the substrate. VC 2011 American
Institute of Physics. [doi:10.1063/1.3573491]
I. INTRODUCTION
Improvement of the critical current density, Jc, of high-
temperature superconducting (HTSC) films is of great impor-
tance, not only for a fundamental understanding of vortex
physics, but also for the application of coated conductors
based on the epitaxial growth of YBa2Cu3O7d (YBCO)
films. It is well known that the critical current density of
pure YBCO films can become very high due to a number of
growth-induced structural defects such as dislocations.1 For
practical applications, however, the flux pinning in HTSC
still needs to be further improved to overcome the giant vor-
tex motion at high magnetic fields and high temperatures.
Different attempts have been employed to enhance the flux-
pinning performance of HTSC films, such as the engineering
of substrates,2 inclusion of precipitates,3 irradiation,4 rare-
earth mixing,5,6 nanoparticle doping, quasimultilayers.7–9
Among these artificial techniques, one common feature is
that they create high-density inhomogeneities with nanosized
structures in the superconducting matrix. In the past several
years, it has been frequently reported that strong c-axis cor-
related columnar defects, such as the self-assembled BaZrO3
and BaSnO3 nanodots achievable in YBCO films doped
by homogeneous or heterogeneous additions, are very effec-
tive for the enhancement of flux pinning in high magnetic
fields, especially as their directions are parallel to the c-axis,
where the intrinsic pinning is absent.10–12 Recently Wee
et al.13 reported similar columnar inclusions composed of
Ba2GdTaO6 (BGTO), leading to superior flux pinning, with
the in-field Jc improved by a factor of 1.5–6 over the entire
magnetic field range.
In reality, a number of efforts toward artificial manipula-
tion of pinning centers in the past several years have only
been limited to the pinning of vortex cores, with defect sizes
comparable to the superconducting coherence length n. The
intrinsic disadvantage of the vortex core pinning is the rapid
decrease in the pinning energy as the temperature increases,
implying very small, even negligible, pinning potentials at
applied temperatures close to Tc.
14
To obtain considerable critical current density at high
temperature, which is required for more electric-power appli-
cations, another type of flux pinning, called magnetic pin-
ning, has been proposed.14 Magnetic pinning originates from
the spatial modulation of the local magnetic field in super-
conductors on the length scale of the London penetration
length, k, which can be introduced into HTSC by various
routes, such as regular arrays of ferromagnetic dots in the vi-
cinity of superconducting films, or intrinsic magnetic
domains in ferromagnet/superconductor (F/S) bilayers or
multilayers, etc.15
The most distinctive characteristic of magnetic pinning
is its robustness to the temperature. This is because such flux
pinning acts on the whole vortex rather than on the vortex
core alone.14,15 Moreover, magnetic pinning is more flexible
under structural inhomogeneities compared with core pin-
ning. The particular distribution of magnetization in ferro-
magnetic units can be changed by the magnetic field, which
demonstrates a possible route to control superconducting
currents via external magnetic fields. Vlasko-Vlasov et al.16
reported a rotatable, periodic, stripelike magnetic domain
structure in F/S hybrids, in which the orientation of the mag-
netic domains can be arranged by the in-plane external mag-
netic field. Magneto-optical measurements revealed that the
preferential flux lines enter along the direction of the domain
walls. Thus, it is possible to guide vortex motion in a desira-
ble direction and then manipulate its conductivity.
In our earlier work,17 we reported reduced broadening
of the magnetoresistance (MR) in the vortex liquid region
for an YBa2Cu3O7d/La0.67Sr0.33MnO3d (YBCO/LSMO)
bilayer, which was explained by magnetic pinning on the
flux lines. The magnetic inhomogeneity in this system was
a)Author to whom correspondence should be addressed. Electronic mail:
zyliu@shu.edu.cn.
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assumed to be caused by phase-separated clusters with ferro-
magnetic (FM) and antiferromagnetic (AFM) domains,
which appear due to the epitaxial stress induced by the large
mismatch between the LSMO and the substrate LaAlO3
(LAO).
In the present paper, we have carried out a series of
direct measurements of the critical current density and con-
ducted a systematic investigation into the temperature de-
pendence. We could then clarify the difference between the
bilayer and a pure YBCO film. The present results disclose
significant magnetic pinning effects arising from the ferro-
magnetic configurations, leading to a critical understanding
of the mechanisms controlling the critical current density in
ferromagnetic/superconducting (F/S) hybrids.
II. EXPERIMENTAL
The bilayer of YBCO (50 nm)/LSMO (40 nm), as well
as the reference sample, a pure YBCO film 50 nm in thick-
ness, were fabricated on single crystal (00l) LAO substrates
by pulsed laser deposition (PLD). Note that the thicknesses
of the constituent layers of the studied bilayer were deliber-
ately selected with the aim of achieving the best equilibrium
between the magnetic pinning efficiency,18 subject to the
YBCO thickness, and the superconductivity, subject to the
LSMO thickness.19 More details related to sample prepara-
tion, such as deposition conditions, can be found in our pre-
vious publication.17
The crystal structure and epitaxial growth were examined
by X-ray diffraction (XRD), which shows that all the studied
samples exhibit perfect c-axis orientation and in-plane tex-
ture, with a full width at half maximum (FWHM) of less than
1.2. The lattice relaxation was characterized by Raman spec-
troscopy, with the spectra collected in the back-scattering ge-
ometry, using a micro-Raman spectrometer (Renishaw in Via
Plus) equipped with a charge-coupled device (CCD) detector.
Transport and magnetization measurements were performed
in a cryostat equipped with a 9 T magnet (Quantum Design
PPMS-9T). Based on the transport measurements, the onset
superconducting transition temperatures (90% qn) are found
to be 87.8 K and 88.6 K for the present bilayer and the
pure film, respectively. The magnetization as a function of
temperature T and applied magnetic field H was recorded in
the field region of Hj j  5T and the temperature range of
5 K  T  80 K, from which the critical current density was
extracted.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the Raman spectra of the studied sam-
ples at room temperature. First, a sharp peak positioned at
485 cm1 is identified from the substrate.20 With it, the pre-
cise positions of other Raman modes with appreciable inten-
sity can be determined. Second, the mode occurring at 335
cm1 is identified, which is of most importance and interest,
as it corresponds with the O2þ/O3- mode,21,22 representing
antisymmetric vibrations of O(2) and O(3) oxygen atoms in
the YBCO lattice, as shown in Fig. 1(b). This mode is very
sensitive to structural variation, and thus, a slight change in
the crystal symmetry or lattice parameters may lead to an
obvious frequency shift. In reality, it has been observed that
there is a frequency shift of nearly 5 cm1 as the tetragonal
phase of YBCO goes to the orthorhombic phase.21
Based on Raman spectroscopy, Chen et al.23 reported
that stress evolution and lattice distortion were induced by
thickness variation and lattice misfit in LSMO films, which
implies that there was structural modification of a LSMO
film in a strained state. It is thus expected that the lattice
vibrational frequencies of a stressed YBCO film should be
different from those in its corresponding bulk material. In
our case, however, no apparent shift within the experimental
error (6 1cm1) is observed for the O2þ/O3 mode. The
bilayer and the pure YBCO film show the same Raman shift
of 335 cm1, consistent with the values observed in YBCO
bulks.21 This suggests that the 50 nm YBCO layer is com-
pletely relaxed, no matter what sublayer (here referring to
LAO or LSMO) it grows on.
With the modified Bean critical state model,24 the criti-
cal current densities for the studied films were evaluated by
the widths of the magnetization loops, DM ¼ Mþj j þ Mj j,
where Mþj j and Mj j are descending and ascending
branches, respectively. Figure 2 shows the field dependence
of the critical current density for the bilayer at several given
temperatures, which are characterized by a low-field plateau,
FIG. 1. (Color online) (a) Raman spectra of the YBCO/
LSMO bilayer and the reference sample, a pure YBCO
film. Three distinguishable modes with pronounced in-
tensity are identified and categorized. (b) Configuration
for the O2þ/O3 phonon mode in YBCO lattices.
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followed by rapid decay in large magnetic fields. This is
actually a common feature of all epitaxial high-temperature
superconducting films.25 In contrast to the pure YBCO film
(not shown here), the present bilayer demonstrates two char-
acteristics at least, i.e., reduced zero-field critical current
density, Jcð0Þ, and an extended low-field plateau. Both char-
acteristics have been observed as well in epitaxial YBCO
films with artificial pinning centers.26 However, the underly-
ing physics may be different in this case. In the case of doped
YBCO films, the decrease in Jcð0Þ and the extension of the
low-field plateau are believed to be caused by the reduced
volume of the superconducting phase and the increased den-
sity of c-axis correlated defects, respectively. In the case of
the present bilayer, however, the reduced superconducting
volume and the increased correlated defects are hardly pres-
ent. Instead, the potential mechanisms may arise from the
suppressed superconductivity and the emergence of magnetic
pinning due to the proximity effect, as well as the residual
field of the ferromagnetic layer.15,27
Figure 3(a) shows the field dependence of the critical
current density for the bilayer and the pure YBCO film at
several given temperatures, which are characterized by the
crossing (soild arrow) of two Jc  H curves at high tempera-
ture. At low temperatures, such as 10 K, the pure YBCO
shows a larger Jc over the whole magnetic field region. With
increasing temperature, the difference in Jc between the two
samples decreases, resulting in the obvious Jc crossover of
the bilayer in the intermediate region of magnetic field. Simi-
lar crossover behavior of the Jc  H curves has also been
found in samples with artificial pinning as compared with
undoped films.9,26,28,29
Figure 3(b) shows our previous observations of such
crossover behavior occurring in doped REBCO (RE¼Y,
Nd, etc.) films with different nanoparticle additions. The
crossing results from the competition between the reduced Jc
in zero magnetic field and the enhanced pinning in high mag-
netic field, with both of them caused by the structural disor-
der due to the doping. Further investigations show the
temperature dependence of the crossing field, as marked by
the dotted circles in Fig. 3(b). The higher the temperature,
the larger the crossing field that is observed. In particular, at
high temperatures such as 77 K, the crossing field shifts to
very high magnetic field or disappears. This is unlike the
crossover behavior found in the present bilayer, in which the
crossing is even more apparent at elevated temperatures. In
addition, another difference between the two systems is the
observation of a second crossover point in the bilayer sys-
tem, which can be clearly seen at high temperatures, such as
77 K (dashed arrow). Beyond this piont and on, the bilayer
shows the lower Jc again, indicating that a modification of
the critical current density in the bilayer due to the proximity
is prominent mainly at low and intermediate fields. And the
Jc modification may originate from a different pinning mech-
anism, which shows robust pinning ability against the
FIG. 2. (Color online) Field dependence of the critical current density for
the bilayer at different temperatures. The Jc values are extracted from the
magnetization curves.
FIG. 3. (Color online) (a) Field dependence of the critical current density at three given temperatures of 10, 40, and 60 K for both the bilayer and the pure YBCO
film. The inset gives the field dependence at 77 K, from which an obvious crossing is observed. (b) Field dependence of the critical current density at 50, 70, and
77 K for pure and doped YBCO films with different nanoparticle additions in a log-log plot. Arrows indicate the crossover of Jc H between them.
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temperature. At high fields, however, the modification is
weakened even disappears, which is thought to be related to
the change in ferromagnetic configurations of the underlying
LSMO by the external field and will be discussed in the last.
To further clarify the inherent mechanisms controlling
or influencing the critical current density in the present
bilayer, the temperature dependence of the critical current
density, Jc  T, has been investigated. Note that the tempera-
ture dependence of the critical current density is commonly
considered as an effective method to arrive at important
implications regarding sample microstructures and flux pin-
ning mechanisms. According to the theory of Blatter et al.,30
vortices in type II superconductors can be pinned by a pin-
ning site either through the spatial variations in the Tc
throughout the material (“dTc pinning”) or by scattering of
charge carriers with reduced mean free path near lattice
defects (“dl pinning”). In the framework of single vortex pin-
ning, the temperature of the critical current density can be
expressed by the form of JcðTÞ / ½1 ðT=TcÞ2n, with n¼ 7/6
in the case of dTc pinning and n¼ 5/2 in the case of dl pin-
ning.31 For practical epitaxial films with low-angle grain boun-
daries (GBs) or polycrystalline samples with complex
networks of GBs, the JcðTÞ expression will be modified to a
more simplified form, Jc ¼ J0ð1 T=TcÞn, where the n value
depends on the type of contact between GBs, such as n¼ 1 for
the contact in superconductor-insulator-superconductor (SIS)
structures, n¼ 2 for the contact in superconductor-normal
metal-superconductor (SNS) structures, and n¼ 3/2 for the
contact in SNIS structures.32,33 Note that the power law is
based on the Ginzburg-Landau theory, where the two charac-
teristic lengths k and n show the same temperature dependence
of k; n / ð1 T=TcÞ1=2 in the case of T close to Tc.
Figure 4 shows the temperature dependence of the zero-
field critical current density for the present bilayer and the
pure film. The data were obtained in a remanent state with
very low flux densities, allowing the temperature dependence
to be discussed within the framework of individual flux line
pinning. The formula Jc ¼ J0ð1 T=TcÞn with two parame-
ters J0 and n is used to fit the above Jc  T curves. The expo-
nent of n¼ 1.48 for the pure sample is very close to 3/2,
which was observed by Fedotov et al.34 in epitaxial YBCO
films. This seems to support contacts of the SNIS type.
However, this conjecture is not in agreement with the high
current density in those epitaxial films. Here, we recollect
the case of strong vortex core pinning with narrow correlated
defects, which predicts the exponent of n¼ 3/2, as being
more applicable to our case.35
On the other hand, the exponent of n¼ 1.25 is found for
the bilayer, which is significantly smaller than n¼ 1.48 for
the pure YBCO film. The difference in the n value between
the bilayer and the pure film seems subtle but not trivial. The
bilayer shows a suppressed decay of the critical current with
increasing temperature as the exponent n decreases. Again,
this demonstrates its robust pinning performance against the
temperature.
It is interesting to note that the exponent n is dependent
on the applied magnetic field, as the empirical formula
Jc ¼ J0ð1 T=TcÞn is applied to describe the JcðTÞ relation
in magnetic field. As shown in Fig. 5, the exponent n of the
pure film increases quickly as the magnetic field increases,
and then saturates in a field of about 1 T. This is very differ-
ent from the case of the bilayer, where the n increases
monotonically up to the maximum field of 5 T. The differ-
ence in n-H relations implies different mechanisms, which
may originate from the influence of the ferromagnet on the
properties of the critical current. Obviously, the magnetiza-
tion configuration in the ferromagnetic layer is subject to the
external field, implying that magnetic pinning and associated
Jc modification are sensitive to applied magnetic fields.
As mentioned before, the enhanced flux pinning at high
temperatures for the present bilayer is believed to arise from
the magnetic pinning, where the magnetic inhomogeneity
may be caused by the phase-separated FM/AFM clusters that
exist due to the epitaxial stress between LSMO and the sub-
strate. It is also possible that the phase separation takes place
on the submicrometer scale along with the coexistence of
giant clusters, since there is already evidence for such mac-
roscopic phase separation in manganite films, both experi-
mentally and theoretically.36–38 Due to the comparable
length scales between the London penetration length k and
FIG. 4. (Color online) Temperature dependences of the zero-field critical
current density for the bilayer and the pure YBCO film. Solid lines are a fit
to Jc ¼ J0ð1 T=TcÞn.
FIG. 5. (Color online) Field dependence of the fitting exponent n for the
present bilayer and the pure sample. The n values are obtained from the fit-
ting to Jc ¼ J0ð1 T=TcÞn at different magnetic fields.
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the size of phase-separated clusters, spatial modulation of
the local field in the superconductor will result in effective
magnetic pinning in the bilayer.
On the other hand, the patterns of magnetic inhomoge-
neity will be altered by the external field, owing to the
increase in FM domains, accompanied by the melting of
insulating AFM clusters.39 This leads to weakened magnetic
inhomogeneity, and thus the efficiency of magnetic pinning
decreases. Eventually, the corresponding modification in the
properties of the critical current by the magnetic field is man-
ifested in the form of the observed monotonic n-H depend-
ence as well as the presence of the second crossover piont in
the bilayer system.
IV. CONCLUSIONS
In summary, the structural characteristics and the prop-
erties of the critical current density for a YBCO/LSMO
bilayer have been studied with respect to the flux pinning
mechanism, which is understood to be due to superconduc-
tor/ferromagnet proximity. Compared to the pure YBCO
films, the present bilayer shows robust pinning performance
against temperature, as evidenced by the direct observation
of slower decay of the temperature dependence of Jc, as well
as the obvious crossing of the Jc  H curves at high tempera-
tures. The enhanced flux pinning at high temperatures is
believed to arise from magnetic pinning, since magnetic
inhomogeneity exists due to phase-separated FM/AFM clus-
ters induced by the epitaxial stress between the LSMO and
the substrate.
ACKNOWLEDGMENTS
This work is partly sponsored by the Ministry of
Science and Technology of China (973 Projects, No.
2011CBA00105, and 863 Projects, No. 2009AA03Z204), the
Science and Technology Commission of Shanghai Munici-
pality (No. 10dz1203500), the Innovation Fund for PhD
Graduates of Shanghai University (No. SHUCX101063) and
Australian Research Council Discovery Grant (DP0770205).
The supports from the Open Project of State Key Laboratory
of Functional Materials for Informatics (Chinese Academy
of Sciences), and the Shanghai Leading Academic Discipline
Project (No. S30105) are gratefully acknowledged as well.
1B. Dam, J. M. Huijbregtse, F. C. Klaassen, R. C. F. van der Geest, G. Door-
nbos, J. H. Rector, A. M. Testa, S. Freisem, J. C. Martinez, B. Stäuble-
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